Several dominant, late-onset neurodegenerative diseases (e.g. Huntington's disease) are caused by expansion of polyglutamine (polyQ) repeats within specific proteins. The diverse, yet overlapping, pathology of these diseases could be due to novel deleterious functions unique to each protein or to a common pathophysiology mediated by the long polyQ chains themselves. By engineering Drosophila to express different polyQ peptides, we find that expanded polyQ chains alone are intrinsically cytotoxic and cause neuronal degeneration and early adult death. We further find that this intrinsic toxicity is dependent on cell type and polyQ length and that the inclusion of other amino acids modifies and reduces toxicity. This is the first in vivo evidence that polyQs, when removed from their disease gene context, cause neurotoxicity. These studies provide a basis for understanding the diverse clinical presentations in terms of the intrinsic cytotoxic effect of polyQ peptides being modulated by protein context. Parallel experiments in which cytotoxic polyQ expansions were engineered into Dishevelled, a Drosophila protein containing a naturally occurring polyQ tract, strongly suggest that the effect of a toxic polyQ peptide can be neutralized by protein context. This animal model provides a simple and effective means of screening for therapeutics that relieves the polyQinduced lethality, independent of any particular disease gene. By quantifying the degree of lethality in several transgenic lines, we have identified a number of genetically modified strains that are suitable for eventual testing of compounds or genes that ameliorate the pathology of polyQ peptides.
INTRODUCTION
Eight progressive, inherited neurodegenerative disorders are caused by an expansion of the naturally occurring CAG tract that codes for a polyglutamine (polyQ) repeat within the coding region of the corresponding protein. These diseases include Huntington's disease (HD), spinal and bulbar muscular atrophy (SBMA), dentatorubral-pallidoluysian atrophy, spinocerebellar ataxia type 1 (SCA1), SCA2, SCA6, SCA7 and Machado-Joseph disease (MJD/SCA3) (1). With the exception of SCA6 (CACNL1A4) (2) , which is characterized by a minimal repeat expansion, affected individuals show a similar range of repeat expansion above 35 repeats (3) . Each disorder is inherited as an autosomal dominant (or X-linked in the case of SBMA), neurological syndrome with selective, neuronal cell death resulting in distinct, but overlapping, clinical and pathological manifestations (4) . Age of onset is normally in mid-life; however, longer repeat ranges can cause more severe presentation of the disease with an earlier age of onset. Genetic studies provide evidence that inactivation of a single allele does not result in disease (5, 6) . In addition, mouse models for HD, SCA-1 and MJD (1,7-10), carrying expanded repeat transgenes in a background with two normal alleles, show phenotypes resembling the corresponding disease suggesting a true dominant effect.
The appearance of neuronal intranuclear inclusions that contain huntingtin and ubiquitin, in mice transgenic for exon 1 of huntingtin, implicates protein misfolding and aggregation as potential mediators of neuronal pathogenesis (11) . These insoluble neuronal aggregates and nuclear inclusions have been described for many of the polyQ repeat diseases, having been seen in the affected regions of brains from patients (3, (12) (13) (14) and in most of the transgenic mouse models (13, 14) . A role for nuclear localization of expanded polyQ repeat-containing disease proteins, independent of aggregation, has also been implicated in the initiation of disease and neurodegeneration (15, 16) . In contrast, the presence of cytosolic aggregates in dystrophic neurites and neuropils in HD brain sections and in HD transgenic mice may reflect a pathogenic role for non-nuclear localization and aggregation (12, 17, 18) . The aggregation phenomenon has been reproduced in vitro in a protein concentration and repeat length-dependent manner (19) , demonstrating that aggregation is a property mediated by the expanded polyQ. The structure and behavior of polyQ repeats, both isolated and in protein contexts, have been examined in vitro; these studies argue that a structural transition associated with increased length occurs to mediate aggregation (20) .
A central issue is to determine the role of the expanded polyQ repeats in pathogenesis. Is toxicity of an expanded polyQ tract independent of the protein in which it is embedded or does incorporation of additional glutamines cause a gain of function or altered function of the resident protein itself that is toxic? Observations consistent with both models exist (21, 22) , but since functions of only two of the CAG repeat disease genes are known [the androgen receptor (SBMA) (23) and a voltage-dependent calcium channel (SCA6) (2) ], a distinguishing, systematic test based on protein function has not been possible. Recently, fragments of human disease genes with expanded polyQ repeats have been expressed in Drosophila, demonstrating late-onset neuronal degeneration (24) and degeneration of photoreceptor neurons (25) . In the absence of more information about the normal interaction and function of, for instance, the HD protein, a role for aberrant function of the mutant protein cannot be ruled out. Even though only fragments of the relevant human disease proteins have been used in the Drosophila models and in many transgenic mouse models, these fragments may influence the disease progression in these systems.
To distinguish between protein context and direct polyQ toxicity models, we have developed a general model system, using D.melanogaster, to assess the effect of polyQ repeats on cell function and protein localization. Specifically, we have engineered transgenic flies to express polyQ tracts alone as free or epitope-tagged peptides and in parallel have modified the naturally occurring polyQ tract of a characterized Drosophila gene, dishevelled (dsh), to contain expanded repeats. By quantifying the phenotypes of the transgenic lines, we document a correlation between the severity of neuronal degeneration and age of onset of lethality.
RESULTS

Expression of polyQ-containing transgenes and peptides
To determine the effects of an expanded polyQ peptide independent of the effects caused by an associated protein, we expressed polyQ peptides under the control of an upstream activator sequence (UAS) promoter in Drosophila. In this binary expression system, a transgene is placed under the control of the yeast UAS and is not expressed until crossed to strains of flies that express the yeast GAL4 transcription activator in different tissues and different cell types (26) . Two measures were used to assess the effects of polyQ expression: (i) overall viability under different promoter drivers; and (ii) dominant phenotypic effects of expression on particular cells and tissues. The level of activity of p-element transgenes in Drosophila is influenced by the chromosomal location of the insert (27) ; thus, for each construct, several transgenic lines with different expression levels were tested. As described below, quantitation of protein levels for all transgenes was not possible with the available antibodies; therefore, we tested a series of inserts for each construct under the assumption that the range of levels of expression would be similar for each construct. In addition, a given chromosomal insert location was tested with several different GAL4 promoters/drivers to allow comparisons of the effects of expressing polyQs in different tissues.
Many of the triplet repeat disease genes are widely, if not ubiquitously, expressed and yet each disease exhibits a different range of tissue sensitivity (21) . With the Drosophila system, we have used a series of promoters to target all neurons, subsets of neurons or non-neuronal tissues in developing epithelia. On examination of the viable offspring produced by crosses between UAS-transgene and GAL4 driver lines, we observed phenotypes, including lethality, not readily explicable by the reported tissue expression. Therefore, we crossed each of the drivers to a UAS:green fluorescent protein (GFP) strain of flies and monitored the expression in larval tissues. In some cases, this revealed expression in larval tissues other than those previously reported. Figure 1 shows both published and experimentally determined additional expression patterns for each driver used here. To determine the effects on viability, we expressed different polyQ-containing transgenes under the control of the elav, sev, dpp blk and gmr promoters driving GAL4 ( Fig. 2A) . In some protein localization experiments, we used a ptc-GAL4 driver that directs expression in a pattern very similar to that of dpp blk -GAL4, except that it is expressed in all cells posterior to the furrow of the eye (28) .
PolyQ alone is cytotoxic
To determine the effect of polyQ peptides themselves, we engineered transgenes containing 22 or 108 glutamines flanked by only 6 and 4 amino acids on the N-and C-terminal sides, respectively ( Fig. 2A) . Expression of a short polyQ peptide, Q22, has no effect on viability with any of the promoters tested (Fig. 3A) . In contrast, expression of an expanded polyQ peptide, Q108, has a dramatic dominant effect on viability. When expressed in all neurons from embryogenesis onwards (elav-GAL4), lethality is between 77 and 100%, depending on the insert line examined (measured as a percentage of expected viable offspring). When expressed by the sev promoter, which expresses ubiquitously at low levels and in many neurons and some non-neuronal tissues, a dominant lethality of 100% is observed with all lines examined. When expressed by the dpp blk promoter, which targets developing discs in late stages, lethality again approached 100%. Even under the control of the gmr promoter, which is almost exclusively in the late-stage eye disc, some lines exhibit reduced viability when the Q108 peptide is expressed. The dominant lethality caused by this promoter, which is thought to be expressed only in the eye, could be due to expression that has not previously been noted in tissues other than the eye.
One line containing the UAS-Q108 peptide was fully viable with all the GAL4 drivers used, in contrast to the lethality observed with the other UAS-Q108 lines. PCR analysis revealed that the CAG repeat had undergone an internal dele-tion to a size nearing the Q22 (data not shown). The observation that the single apparent exception was accompanied by a deletion that reduced the number of glutamines produced underscores the strongly deleterious effect of expanded polyQ alone on cellular function.
Toxicity is reduced by additional amino acids appended to expanded polyQs
To monitor the fate of expressed peptides, we engineered the Q22 and Q108 expression vectors to produce polyQ peptides that contain 26 additional amino acids in the form of associated epitope tags (myc and flag epitopes) ( Fig. 2A) . Expression of short Q22 peptides alone causes no deleterious effects and that observation is not altered by the addition of the myc/flag epitope. However, in every case examined, the addition of the 26 amino acid myc/flag epitope to the expanded polyQ peptide, Q108, dramatically reduced its lethality (Fig. 3A) . For example, when a Q108 peptide is expressed in all neurons (elav), lethality is reduced from an average of 87% for the Q108 lines to 0% for Q108 with a myc/flag tag. When expressed by the sev promoter, the presence of the epitope tag reduces lethality from 100 to 0-66%, depending on the insert line. When expressed by the dpp blk promoter, lethality is again reduced from an average of 97% to near zero for all lines. PCR and sequence data from genomic DNA from two of the Q108 myc/flag transgenic lines indicated that no deletions occurred in the epitope tagged constructs (data not shown). Thus, the addition of even a short peptide to an expanded polyQ peptide can dramatically alter its cytotoxicity.
The phenotypes seen in animals with the tagged polyQ peptides are very similar to those seen in the few surviving animals without the epitope tags suggesting that it is the severity of the toxicity which is altered rather than a change in the cells that are sensitive. For example, when expressed by the dpp blk promoter, addition of the myc/flag epitope to the expanded Q108 virtually eliminates the dominant lethality, but many of the surviving animals now exhibit the split thorax phenotype previously seen only in dying adults in their pupal cases with the non-tagged polyQ. Also, expression of the Q108 transgenes by the gmr promoter produces disrupted eyes both with and without the myc/flag tag. Although phenotypic comparisons have not been made due to the complete lethality of the Q108 peptide when expressed by the sev promoter, the addition of the myc/flag epitope to the peptide dramatically (46) . The elav promoter is expressed in all neurons of the peripheral and central nervous systems beginning in embryonic stages and continuing into adult life (47) . This driver provides chronic expression of expanded polyQs in neurons. The sev-GAL4 construct expresses at a low level in a ubiquitous pattern due to residual heat shock promoter elements and also expresses transiently at high levels in selected neurons such as the photoreceptors of the eye (50) . The dpp blk -GAL4 driver expresses GAL4 in the growing epithelia of imaginal discs in a pattern reminiscent of normal dpp, namely along the apical/posterior (A/P) border of wing discs, the dorsal A/P border of leg discs and the ventral A/P border of antennal discs (48) . Notably, dpp-GAL4 is not expressed in the morphogenetic furrow of the eye disc, but is expressed in a ring around the eye. This promoter and the sev promoter also direct expression in the salivary glands. To check for non-reported patterns of expression, transgenic animals containing UAS-GFP were crossed to the indicated fly lines. Additional tissues with expression are listed. Eye expression column: expression is shown in one ommatidium (the repeating unit of the compound eye).
increases survival, but all surviving animals exhibit a neuronalloss phenotype manifested by loss of large sensory bristles. Thus, in all UAS-GAL4 lines tested, addition of the myc/flag epitope dramatically reduces but does not eliminate the pathology of the expanded polyQ peptides.
Expanded polyQ-induced pathology depends on cell type
Examination of the developmental defects caused by expression in different tissues and cells reveals striking differences in the sensitivity of different cell types to the expanded polyQ-induced pathology.
Effects on eye development. Development of the eye provides a sensitive assay for effects on cell differentiation and viability of both neuronal and non-neuronal cells. The cells that will give rise to the eye grow during the larval period as uncommitted cell types. During the third larval instar, a morphogenetic wave passes across the eye and as it passes, cells become committed to particular fates in the eye (29) . These fates include neuronal cells (both photoreceptors and mechanoreceptors), cone cells and several pigment cells (Fig. 1) . With the GAL4 drivers used here, the transgenes are expressed in different cells and for different lengths of time during eye development ( Fig. 1) .
Expression of the Q108 peptide by elav-GAL4, which is expressed in all neuronal cells behind the furrow of the eye, with or without the epitope tag, resulted in an eye with normal external morphology and normally organized cone cells (lens) and mechanosensory hair cells. However, the internal organization of the eye showed extensive disruption and this disruption was less severe with the tagged peptides than with the naked polyQ peptide. Analysis of the internal organization by sectioning of eyes embedded in plastic revealed extensive effects on neuronal development. In the eyes of Q108 flies, only two or sometimes three photoreceptor cells remained out of the eight found in normal eyes (see Fig. 1 for normal organization of eye) whereas in flies with the epitope-tagged Q108, six or seven photoreceptor cells typically remained (Fig. 3B) . In both types of fly, large gaps in the tissue were evident with the overall number of gaps being greater in the Q108 than the epitope-tagged Q108. Thus, the disruptions to neuronal cells are less severe with the epitope-tagged Q108 than with the untagged peptide. Notably, neither peptide affects the survival of the mechanosensory hair cells whereas the adjacent photoreceptor cells are dramatically affected.
In contrast to the normal external appearance of the eyes above, the eyes of flies with Q108 expressed by the gmr driver exhibit massive degeneration of the eye. In these animals, the transgene peptides are being expressed in all cells behind the morphogenetic furrow, not just the neuronal cells. External examination reveals that non-neuronal pigment cells have degenerated ( Fig. 3C ) and the organization of the ommatidia is highly abnormal, although the mechanosensory cells remain intact. The internal integrity of the eye is also compromised. On dissection or attempting to embed the eyes in plastic, the eyes collapse and separate easily from the surrounding cuticle (Fig. 3C ). Crosses were made to determine whether the white gene (w + ) could rescue the loss of pigment phenotype of Q108 driven by gmr-GAL4. However, the phenotype appears to be caused by a complete degeneration of the pigment cells in the eyes (data not shown), indicating sensitivity of a non-neuronal cell type to the presence of expanded polyQ peptides.
Other developmental effects. We asked whether other nonneuronal tissues also exhibit sensitivity to expanded polyQ peptides. The dpp blk -GAL4 driver expresses transgenes along the anterior/posterior compartment boundary in imaginal discs [discs are progenitor tissues that will give rise to the exoskeleton (cuticle) of the adult]. When dpp blk drives Q108, most of the animals die (Fig. 3A) . However, examination of dying adults in the pupal cases reveals morphogenetic abnormalities. Animals expressing Q108 under the control of dpp blk are missing entire third legs, have defects in head capsule evagination and development of the mesothorax (notum) is highly abnormal. This aberrant morphology was seen in all dying pupae dissected (n > 10). In contrast, expression of the same Q108 with the myc/flag epitope attached led to a dramatic reduction in severity of the phenotype. One line showed 100% survival and exhibited none of these phenotypes. In another line, viability was increased from 0 to 84% and, of those surviving animals, only 12% exhibited a moderate thoracic phenotype that was less severe. Thus, imaginal disc epithelia can also be sensitive to polyQ toxicity and toxicity is reduced by additional amino acids.
Interestingly, dpp blk drives high levels of expression in the polytene cells of the salivary glands and we see clear evidence of expression and accumulation of the polyQ peptides in these cells; however, no cellular degeneration is apparent in any of the expressing cells ( Figs 3A and 4) . The polytene cells of the salivary gland replicate their DNA and grow to a large size by cell enlargement rather than by cell division. Thus, the polyQ peptides have several days to accumulate as they are being chronically expressed in these cells by the dpp blk driver. Despite this extended exposure, no degeneration is observed.
Other neuronal cell types of the peripheral nervous system (PNS) also exhibit differential sensitivity to expanded polyQinduced toxicity (Fig. 3A) . When Q108 peptides are expressed by the sev driver, lethality is almost complete (only two survivors with no defects from >300 survivors expected). However, Figure 3 . Percent lethality and phenotypic characterization of GAL4 lines expressing polyQ repeat peptides. (A) Epitope-tagged and non-epitope-tagged polyQ repeat peptide-containing lines were crossed to elav, sev, gmr and dpp blk -GAL4 lines and % lethality and external phenotype of progeny were scored. (B) Toluidine blue-stained sections through the eyes of adult wild-type flies and flies containing either the 108Q peptide or the 108Q + epitope tag peptide driven by elav-GAL4, {w; P[w + , elav-GAL4]/+; P[w + , UASQ 108]/+}. Wild-type ommatidia show regular trapezoidal arrangement of seven visible rhabdomeres, whereas many ommatidia expressing Q108 have only one or two rhabdomeres remaining (see Fig. 1 for normal ommatidia structure). These eyes are also characterized by many large holes and loss of cell integrity in the tissue. Ommatidia expressing Q108myc/flag have 4-6 rhabdomeres remaining and also exhibit loss of tissue integrity, but to a lesser extent than Q108. (C) External appearance of eyes from adult flies expressing peptides under control of the gmr-GAL4 chromosome. Dissecting light micrographs of flies expressing gmr-GAL4 alone and UAS108Q under the gmr promoter. The latter shows complete lack of pigment, suggesting degeneration of pigment cells, and a disordered eye phenotype that decreases in severity when the epitope tag is added (data not shown).
when the myc/flag epitope is appended to the expanded polyQ, lethality caused by the sev-GAL4 driver is reduced such that between 34 and 100% of animals survive and these animals lack sensory bristles. These large bristles, termed macrochaetae, are sensory hair cells produced following two divisions of a sensory mother cell that will yield a neuron, a glia, a sensory hair cell and a socket cell. Only the bristle phenotype is detected, whereas the socket cell is unaffected. Thus, some but not all neuronally derived cells are sensitive to expanded polyQ-induced toxicity. We attempted to examine whether the Q108 peptides without the tag shows the same loss of sensory bristles; however, these flies do not survive long enough to examine the bristle phenotype.
Progressive degeneration
Finally, progressive neuronal toxicity is suggested both by the reduced viability observed with chronic expression of the Q108 peptide in the nervous system by elav-GAL4 and by an early death seen in surviving animals. Immediately after flies expressing Q108 emerge from the pupal case they begin to die so that within 2 weeks, no surviving adults remain (Fig. 5) . In contrast, normal flies show a life span of 2-3 months in our hands. The epitope-tagged Q108 peptides also show an early death phenotype, although length of survival is increased compared with the polyQ alone (50% death at 26 versus 7 days, respectively). This early-death phenotype is consistent with a progressive neuronal dysfunction mediated by the presence of the expanded repeat peptide.
We have looked for evidence of progressive degeneration in the eye. To this end, we examined eyes from gmr-GAL4:UAS Q22 and Q108 from 1 to 30 days of age. Although we did not see evidence of progressive degeneration, the animals already exhibited extensive degeneration by the time they emerged as adults from the pupae. In these strains, the peptide-induced toxicity seems to be sufficiently severe at the outset that there is no apparent room for further degeneration.
Protein context is important for polyQ repeat toxicity
A second objective of this study is to determine the effect of expanded polyQ repeats on the activity of associated proteins. Several proteins in Drosophila and other organisms contain repeated sequences that encode polyQ tracts. In particular, the Drosophila Dishevelled (Dsh) protein, which is required for transduction of the Wnt oncogene signal in embryonic and adult development (30, 31) , contains 28 glutamines near the Nterminus of the protein, analogous to the polyQ tract found in the N-terminal portion of the huntingtin protein (32) . Like the HD gene (33) , the dsh gene is ubiquitously expressed, including widespread expression in the brain and PNS of both flies (31) and mammals (34) . Therefore, dsh represents an excellent paradigm to study the effects of expanded polyQ tracts on protein structure and function. We engineered dsh genes to contain 0, 22 and 108 polyQ repeats (Fig. 6 ) and these were introduced into the germline by transformation.
To test the effect of the polyQs on Dsh activity, we measured the ability of the engineered transgenes to rescue lethal mutants of dsh. In these experiments, the dsh transgene is under the control of a native, but truncated, dsh promoter and therefore is expressed ubiquitously at a moderate level. In this test, Dsh with a perfect run of 27 glutamines is able to fully rescue dsh mutants and is indistinguishable from the native dsh gene (data not shown). Complete removal of the polyQ tract does not reduce the rescuing ability of the Dsh protein much, if at all, although mild wing and bristle phenotypes suggest that this modified Dsh has somewhat reduced function (Fig. 6A) . In contrast, expansion of the polyQ tract to Q108 leads to a marked reduction in rescuing ability, showing an average of only 24% rescue of lethality (Fig. 6A ) and the surviving animals show phenotypes similar to those produced by reductions in Dsh activity. For example, one sees bifurcated third legs, notched wings and aberrant bristle polarity (Fig.  6B-E) . Thus, although deleterious, to a much greater degree than complete removal of the polyQs, expanded polyQ reduces but does not completely compromise protein function.
We have shown above that polyQ alone is toxic and that expanded polyQ compromises but does not eliminate Dsh function. We next asked whether high level misexpression of Dsh with modified polyQs exhibited changes in Dsh-mediated abnormalities and/or exhibited polyQ-induced toxicity similar to that observed with the polyQ peptides alone. We produced dsh transgenes driven by the UAS promoter in which the polyQ region was left intact, removed or expanded to Q108 ( Fig. 2B) and then drove expression of these transgenes with GAL4 drivers. Overexpression of dsh itself can lead to developmental defects and lethality due to ectopic activation of the Wingless pathway; thus we compared the effects with those of wild-type dsh overexpression. In all cases examined, the pathology of the expanded polyQ was altered when associated with the Dsh protein. Specifically, in surviving flies expressing dsh constructs, all of the associated phenotypes resemble those caused by overexpression of dsh and do not resemble those caused by polyQ-mediated toxicity. For example, when expressed chronically in the nervous system (elav), an expanded polyQ peptide produces a dominant lethality of between 80 and 100% whereas expression of the same expanded polyQ in the context of the Dsh protein shows an average of only 20% lethality (Fig. 4) . This compares very well with the range of lethality observed when native dsh is expressed by the same promoter. This effect is most clearly demonstrated when dsh is overexpressed by dpp blk -GAL4. When dpp is used to drive the expression of a native dsh transgene, toxicity is almost 100% with the dying pupae showing short, thick legs and margin bristles in the wing blades (Fig. 4) . In contrast, when dsh containing an expanded 108Q repeat is expressed, survival is 100% and there is no phenotype other than a mild wing vein phenotype. Thus, addition of expanded polyQs reduces the effect of ectopic Dsh activity, presumably by its deleterious effect on protein function; the combination of the Dsh protein with Q108 reduces the toxicity of the polyQ from nearly 100 to almost 0%, with no overlap in phenotype. Similar results were obtained for other drivers (data not shown).
Subcellular localization of polyQ transgenes
We attempted to determine the subcellular localization of expanded polyQ peptides using a variety of antibodies. When Dsh with 27 or 108 polyQ repeats was expressed in the dpp blk pattern in discs (Fig. 7, top panels) , staining (green) was found at the apical membrane of discs and in punctate patterns in the cytosol (Fig. 7, middle panels) . In the salivary gland cells, staining was cytosolic and punctate (Fig. 7, bottom panels) . This punctate, membrane-associated staining is characteristic of Dsh and has been described previously (35) . The DshQ108 staining pattern is indistinguishable from the DshQ27 pattern. The similarity in cytosolic staining patterns for the Dsh transgene with 27 or 108 glutamines indicates that the presence of the expanded repeat is not sufficient to drive a protein into the nucleus; neither diffuse nor punctate staining is found in the nucleus for any UAS-DshQ108-expressing tissue examined.
The subcellular distribution of polyQ peptides with the myc/ flag epitope was different than the Dsh polyQ proteins and much more difficult to detect. When the epitope-tagged Q108 peptide is expressed in the dpp blk pattern in discs (Fig. 7 , top panels), its cellular localization is punctate, presumably through expanded polyQ-mediated aggregation, with some apparent nuclear and perinuclear localization (Fig. 7, middle  panels) . In salivary glands, staining of the tagged Q108 appears to be exclusively nuclear and non-diffuse as it is excluded from the regions of the nucleus occupied by the polytene chromosomes (Fig. 7, bottom panels) . Thus, expanded polyQs with an epitope tag can enter the nucleus with the ratio of nuclear to cytoplasmic material being cell type-specific.
We were unable to detect any staining with the Q22 repeat peptides, either with or without epitope tags. Presumably, the extremely small size of the peptide renders it difficult to detect in fixed tissue or by western blotting. The Q22 coding sequence was detected in genomic DNA samples, indicating that the appropriate transgene had integrated. Similarly, it was extremely difficult to localize the Q108 peptide without the epitope tag by immunofluorescence. We tried several polyclonal antibodies which preferentially recognize the expanded polyQ repeat-containing huntingtin exon 1 as well as the IC2 monoclonal antibody raised against Tata binding protein (36) which preferentially recognizes expanded polyQ repeats. Only the IC2 antibody produced faint signals and showed very weak nuclear staining in salivary glands and punctate staining in wing discs (data not shown).
DISCUSSION
Understanding the pathogenesis of late-onset triplet repeat diseases such as HD has been complicated by the presentation Figure 7 . Subcellular localization of polyQ peptide transgenes and Dsh transgenes. UAS-transgenes were expressed by the ptc-GAL4 driver line {w; P[w + , ptc-GAL4]/+; P[w + , UAS(polyQ)]/+}. ptc-GAL4 expresses in a pattern similar to dpp blk -GAL4 (27) . Tissues were fixed and stained with various antibodies as described in Materials and Methods. The first two columns were stained with anti-Dsh antibodies. Confocal sections of wing discs (top row), close-ups of wing discs (middle rows) and views of the salivary glands (bottom row) from late third instar larvae are shown. Dsh protein with either short (Q27) or long (Q108) polyQ stretches localizes exclusively to the cytosol in both salivary gland cells and imaginal disc cells (green). Note the dark, nonstaining nuclei in the optical cross section of the wing disc (middle row) and the salivary glands (bottom row). Green fluorescence is either anti-Dsh (left two columns) or anti-flag M2 in the myc/flag tagged Q108 peptide column (right). In the wing disc, the Q108 myc/flag peptide appears to form larger aggregates than does DshQ108. Some of these can be found in the cytosol and others appear nuclear and/or perinuclear within the limits of microscopy. However, in the salivary gland, the Q108 myc/flag peptide localizes exclusively to the nucleus. Red fluorescence represents stain for filamentous actin, and yellow fluorescence represents overlap of green and red. DAPI staining was used to identify nuclei (data not shown).
of an array of shared features together with a number of unique features (1,4,21). For most of the disorders, the causative genes have unknown function, show no similarity to each other apart from the CAG repeat and are often expressed in a wide range of tissues. One model to explain the diverse features of these diseases would be that the expanded polyQs create a series of unique gain of function activities by modifying the action of each protein in which they occur. An alternative hypothesis is that pathology is due to intrinsic cytotoxicity of long polyQ chains themselves. We have developed a general Drosophila model of expanded polyQ pathogenesis to distinguish between these hypotheses. Our results suggest that polyQ chains are intrinsically toxic in a strongly cell type-dependent manner. Further, we find that this intrinsic toxicity is modified by the inclusion of other amino acids. Therefore, the differential clinical presentation of diseases may be partially due to the differing ability of the associated proteins to ameliorate the otherwise strong toxicity of the polyQs themselves. In addition, the results are consistent with a role for nuclear localization and/or protein processing in pathogenesis.
Long polyQ peptides induce neuronal degeneration
Expression of long polyQ peptides results in neuronal degeneration of the photoreceptor neurons of the eye of Drosophila whereas short polyQ peptides have no effect. Chronic expression in the central nervous system (CNS) and PNS (elav) leads to extensive early lethality in the larval stages. In addition, the few animals that survive to adult stages while expressing polyQ in the CNS and PNS show a significantly shortened life span (1 versus~12 weeks). Expression under another promoter (sev) leads to degeneration of the sensory bristles. Thus, in several tests, polyQ peptides cause a neuronal degeneration similar to that seen in HD and related diseases.
PolyQ-induced toxicity is cell type dependent
Despite the extensive impact of polyQ on many neuronal cell types, not all neuronal cells are sensitive. Whereas the photoreceptor neurons of the eye are highly sensitive, the mechanosensory neurons that produce the hairs of the eye are not affected, despite the fact that both the elav and gmr promoters drive expression in these cells. One cannot conclude that simply all mechanosensory hair cells are resistant, since the sev promoter leads to loss of the large sensory bristles in the thorax.
Cytotoxicity is not limited to neurons as both neuronal and non-neuronal tissues show cell death. For example, the nonneuronal pigment cells of the eye are very sensitive to degeneration, as they are completely lost when the gmr promoter is driving expression of expanded polyQ, as are most recognizable cell types in the eyes of the flies (data not shown). Expression driven by the dpp blk promoter leads to almost complete lethality and yet there is no expression in neuronal tissues. Even with this extensive lethality, degeneration is not immediately evident in the imaginal discs in the larvae. Nevertheless, adult structures, that will arise 5 days later after metamorphosis of these discs, are clearly affected (e.g. loss of third legs, dysmorphology of the thorax, etc.). Notably, expression of a 78Q-containing fragment of ataxin-3 under the same dpp blk promoter did not cause any obvious phenotype (24) . In those experiments, the 78Qs were flanked by 55 amino acids and an N-terminal hemagglutinin tag. Whether the altered toxicity is due to the shorter repeat length (78 versus 108) or to the ameliorating effect of the adjacent amino acids is not clear. The dpp blk promoter also drives high levels of expression in the salivary gland, although there is no evidence of degeneration of these cells. It appears that salivary gland cells are resistant to the cytotoxic effects of polyQ despite the fact that these cells do not divide but grow by cell enlargement and in the process have ample time to accumulate and be exposed to polyQ and any cytotoxic effects that might generate.
PolyQ cytotoxicity is modified by protein context
The cytotoxic impact of expressing Q108 peptides is dramatic. However, when 26 amino acids in the form of a myc/flag epitope are added to the peptide, there is a profound reduction in toxicity. In every case examined, the addition of these 26 amino acids reduced lethality dramatically, e.g. from 100% lethality to near zero lethality with the elav or dpp blk drivers. Furthermore, the severity of the phenotypes of surviving animals was reduced with the tagged peptide. When the same sized polyQ peptide is incorporated into a 69 kDa protein (Dsh), the effect is even further reduced. Thus, the toxic effect of Q108 can be profoundly altered by the inclusion of additional amino acids. The mechanism for the reduction in polyQ toxicity by additional amino acids is unclear. The epitope tag may increase the solubility or alter the pI of the protein or decrease the rate and extent of aggregation. In contrast, the Dsh context may confer a different protein processing pathway than occurs for the disease proteins.
PolyQs reduce but do not eliminate protein function
One hypothesis to account for expanded repeat effects is that expanded repeats either eliminate protein function or cause a protein to gain an aberrant function. Expanded repeats have been shown to compromise androgen receptor function (SBMA) (37) in a manner characteristic of that particular loss of function, whereas the repeat does not appear to compromise huntingtin function (38) . To test this, we engineered the Dsh protein to have expanded polyQ, a normal-range polyQ or no polyQ, and used percentage rescue of a dsh null allele as a measure of the effect on Dsh protein activity. Even with a minimal promoter, native Dsh and Dsh with the polyQs deleted were both capable of effecting nearly complete rescue, although the Dsh without polyQs exhibited a small percentage of animals with polarity and patterning defects suggestive of reduced Dsh function. In contrast, Dsh with Q108 was very poor at rescuing dsh null alleles and those animals that were rescued uniformly exhibited polarity and patterning defects similar to loss of Dsh function.
Although low level expression of dsh is capable of rescuing null alleles, overexpression of dsh can activate the Wingless signaling pathway in the absence of ligand. Thus, when expressed under various promoters, dsh is often lethal. However, Dsh containing Q108 is always less deleterious than native Dsh implying that addition of the polyQs reduces, but does not eliminate, Dsh function and that addition of Q108 does not cause a dominant gain of function that is cytotoxic.
These observations can help to explain the genetics of HD (39) and related diseases. A single copy of expanded repeat protein would lead to progressive degeneration due to effects of the polyQ itself. Homozygotes for expanded polyQ repeats would not be worse than heterozygotes, since at least some protein function remains which is sufficient for viability. Different clinical presentation would be caused by the different effects that the associated proteins confer.
Some patterns of polyQ expression exhibit progressive deterioration
In most cases, we do not see progressive deterioration of affected tissues. However, this is likely due to the fact that the effect observed with most drivers is so severe at the outset that it cannot get much worse. However, in some settings, such as chronic expression in the neurons of the CNS and PNS, we do see early death that mimics the progressive deterioration and early death seen in human HD.
Subcellular localization
The partitioning between the nucleus and cytoplasm is complex as polyQ peptides appear to be present in both compartments. Nuclear localization has been described as an important component of polyQ repeat pathogenesis (1,14,15) . The results presented here support a role for protein processing, leading to aggregation and/or nuclear localization. When an expanded repeat is engineered into an endogenous Drosophila gene, dsh, no expanded polyQ repeat toxicity is observed. This is in marked contrast to the hprt mouse model described by Ordway et al. (22) . In this model, an endogenous mouse gene, hypoxanthine-guanine phosphoribosyl transferase (hprt), which normally does not contain a CAG repeat, was engineered to contain an expanded repeat within the fulllength coding region. Mice expressing this modified hprt develop a neurologic disorder with corresponding nuclear localization of a normally cytosolic protein and the presence of nuclear inclusions. The most obvious difference between the two models is the exclusively cytosolic localization of DshQ108. In this context, an increased number of polyQ repeats is not sufficient for nuclear localization or any apparent aggregation. This failure of DshQ108 to cause cytotoxicity when overexpressed is consistent with a lack of altered subcellular distribution relative to wild-type Dsh. Hprt is a 48 kDa protein, which is below the 50 kDa nuclear pore exclusion limit (4); therefore, it may be sufficiently small to enter the nucleus and produce a phenotype, whereas there is evidence that the larger disease proteins are cleaved to smaller fragments that may be a prerequisite for nuclear entry. It is unclear whether expanded polyQs themselves promote nuclear entry or whether the expanded polyQs are responsible for retention of the mutant protein in the nucleus. When an expanded polyQ repeat is expressed in Drosophila as an epitope-tagged peptide, nuclear localization is observed in several tissues. Nuclear localization alone, however, is not sufficient for pathogenesis as no phenotype is observed in the salivary gland, where the peptide is exclusively nuclear. Whether the absence of nuclear inclusions in this tissue plays a role in the lack of a phenotype or whether salivary gland is not susceptible to the toxic effects of increased numbers of polyQs is unclear. In the developing wing disc, where cytosolic and nuclear aggregates are visible, a developmental phenotype was observed. It will be of interest to determine whether driving Dsh108Q into the nucleus, by engineering in a nuclear localization signal, is sufficient to produce a polyQ-derived cytotoxicity.
Comparison with other models
Several mouse models of triplet repeat diseases have been described. In each case, these models have expressed expanded polyQ peptides in the context of all or part of an affected human disease gene (1,7-10) and have produced different levels of neurodegeneration. A Caenorhabditis elegans model has also been described (40) . In Drosophila, two different models have been described, also expressing expanded repeats in a disease gene context. Using targeted overexpression of truncated ataxin-3, Warrick et al. (24) , demonstrated nuclear inclusion formation and late-onset neuronal degeneration, whereas Jackson et al. (25) expressed a portion of human huntingtin in the eye using direct regulation by the gmr enhancer and showed degeneration of photoreceptor neurons and nuclear localization and aggregation. The range of severity in these models directly correlates with the length of associated protein sequences. If compared for gmr expression alone, the Q108 peptide (repeat + 10 amino acids) alone produces the most severe effects, followed by the epitope-tagged Q108 peptide (repeat + 36 amino acids) and truncated ataxin-3 (Q78 + 64 amino acids), and the least severe effects were produced by an N-terminal fragment of huntingtin, which encodes the longest protein sequence (Q120 + 142 amino acids). The polyQ peptide, which has a repeat size within the range of juvenile onset disease, may be producing a widespread 'glutaminopathy' (14) . The range of cells affected and cytotoxicity of this glutamine-mediated pathology is reduced when surrounded by protein sequence, such as an epitope tag or disease protein fragment, and increased with longer polyQ repeat lengths. Juvenile-onset HD, for instance, is caused by very large expansions of polyQ repeats, from 65 to >100 repeats, and more widespread neuronal degeneration is observed in brain tissue from these patients as compared with that observed in brain tissue from patients with medium range repeats (41, 42) . In addition, there is greater overlap with other diseases; juvenile HD patients have Purkinje cell involvement, characteristic of SCAs, not normally observed in adult-onset HD (41) .
Concluding remarks
The experiments reported here suggest that a combination of expanded polyQ-mediated cytotoxicity and protein context directs the neuronal-specific pathogenesis observed in the polyQ repeat neurodegenerative diseases. The dominant genetics may be explained by the pathologic effects of an expanded polyQ repeat alone. It is likely that the mutant protein, containing expanded polyQs, can still execute sufficient levels of their normal function. The cell type specificity suggests that there may be intrinsic mechanisms in each cell which make either some cells resistant or some cells sensitive. In summary, the polyQ peptide Drosophila model presented here provides a powerful system to screen for agents that interrupt the dominant cytotoxic effects of expanded repeat polyQs, independent of unique protein interactions mediated by the specific disease genes.
MATERIALS AND METHODS
Synthesis of dsh and polyQ peptide constructs
dsh constructs. Full-length genomic dsh with 184 bp of a minimal promoter element (31) was cloned as a BglII-EcoRI fragment into the BamHI-EcoRI sites of a modified Bluescript KS + vector lacking the unique HindIII site. In vitro mutagenesis (Transformer Mutagenesis kit; Clontech, Palo Alto, CA) was used to create HindIII sites immediately adjacent to an endogenous sequence coding for a 28 amino acid polyQ tract interrupted by two histidines, thus producing a HindIII cassette containing the repeat (primers: Dsh MutA, 5-CCAACAGGAAGCTTCAGCAG-CAACAGC-3; Dsh MutB, 5-CAACAGCAGCAGAAGCT-TCAGCCTGTCCAGCTGG-3). The creation of these HindIII sites resulted in no change in predicted amino acid sequence of the N-terminus and a QK and VL change at the C-terminus adjacent to the repeat. This construct was tested in rescue experiments and found to have activity equivalent to wild-type dsh, therefore was subsequently used as the wild-type control in crosses. The following constructs were derived from this parental construct by deletion/insertion of HindIII cassettes: DshQ, deleted for the HindIII cassette; Dsh27Q, containing a perfect stretch of 27 CAGs substituted for the endogenous repeat; Dsh108Q, containing a stretch of 108Qs substituted for the endogenous repeat. The 27Q cassette was created by using a primer with 27 CAGs and HindIII linkers at the ends [primer: 5-CCACCAAGCTT(CAG) 27 -AAGCTTCCACC-3]. A fill-in primer (5-GGTGGAAGCT-TCTGC-3) was subsequently annealed to the CAG repeat oligonucleotide and used for second strand synthesis using Klenow to create a double-stranded DNA fragment. This fragment was then digested with HindIII and ligated into DshQ. The 108Q cassette was created by in vitro mutagenesis of a mouse-human hybrid huntingtin exon 1 construct, which contains an expanded CAG repeat derived from a juvenile-onset HD patient (kindly provided by Scott Zeitlin, Columbia) to create a HindIII cassette [primers: HD94HL-2, 5-GATGAAGGCCTTCGAGTCCCTCAAGCTT-(CAG) 6 -3; HD94HR-2, 5-CAGCAGCAGAAGCTTCAGCCG-CCACCG(CCG) . This CAG repeat was subsequently found to contain a PCR error that creates a substitution of an arginine for a glutamine. This results in a cassette containing 43Qs-R-65Qs; however, this repeat range has been determined to cause polyQ-mediated toxicity in several cell model systems and in a mouse model system (S. Zeitlin, personal communication). The dsh constructs were then cloned via EcoRI/XbaI into a Drosophila expression vector (pCasper) for use in subsequent transformations. UAS-dsh constructs were produced using in vitro mutagenesis to create a new EcoRI site 25 bp upstream of the AUG in dsh in DshQ, Dsh27Q and Dsh108Q (primer: 91-2RI, 5-GTTTTC-CCGTGGAATTCCGCAGTC-3]. These constructs were then subcloned into the EcoRI/XbaI sites of pUAST (26) .
Peptide constructs. Vectors expressing polyQ peptides were constructed by inserting the HindIII cassettes described above into a UAS expression vector (pUAST AUG myc/flag; kindly provided by Drs Mike Boedigheimer and Peter Bryant, University of California, Irvine, CA) containing an AUG immediately upstream of a single BglII site and a myc/flag tag downstream. In vitro mutagenesis was used to create BglII sites adjacent to the HindIII sites. One set of constructs contained a stop codon to eliminate the C-terminal myc/flag epitope tags (primers: AUGH3Bgl25B, 5-GGGTACCGGGCCCCCCCTCGAGG-TCGAAGATCTCGAAAGCTTCAGCAGCAG-3; AUGH3Bgl23B, 5-CAGCAGCAGAAGCTTAGATCTAAT-TCCTG-CAGCCCGGGGG-3; AUGH3Bgl23Bstop, 5-CAGCAGCAGAAGCTTTAAAGA-TCTAATTCCTGCAGCCCGGGGG-3).
ImmunoResearch, West Grove, PA), at 1:200, was used against the primary antibody to further amplify the signal. Rhodamine-phalloidin (Molecular Probes) was added at 1:100 for detection of filamentous actin in order to outline cells, and DAPI was added at 1:1000 to label chromatin. These stains were added to the tissues along with the secondary antibody. The samples were analyzed with a BioRad (Hercules, CA) MRC 1024 scanning confocal microscope.
